Reversible magnetization measurements, micromagnetic modeling, the temperature dependence of coercivity, and magnetic viscosity measurements have been used to clarify the magnetic reversal mechanism of Nd 2 Fe 14 B particles contained in a Nd matrix. The coercivity was observed to increase markedly as the dilution of the Nd 2 Fe 14 B phase was increased. The increase in coercivity was accompanied by a change in the reversal mechanism. In the least dilute samples, domain wall motion involving several grains governed by intergrain interactions was active. In the most dilute samples nonuniform reversal of individual grains was dominant, reversal occurring particle by particle and resembling the behavior of isolated Stoner-Wohlfarth particles. The value of the coercivity in the most dilute sample was in excellent agreement with micromagnetic modeling results for isolated particles when the effect of thermal activation of magnetization reversal was accounted for. Despite the single particle reversal mechanism of the most dilute samples, a linear dependence of coercivity on packing fraction was not observed. This is attributed to a clustering of the grains in the samples and changes in grain shape with composition. In all samples, regardless of dilution, the initial magnetic state after thermal demagnetization was found to be one in which a substantial proportion of grains were in a multidomain state. However, micromagnetic simulations for isolated particles of similar shape to those in the most dilute sample showed that the single domain state is the lowest energy state. It is concluded that thermal demagnetization can result in the system remaining in a local metastable state and not the global energy minimum. Micromagnetic calculations showed that one or more domain walls can arise in a grain during thermal demagnetization and that magnetostatic effects provide a significant energy barrier in zero field to the removal of a domain wall once it is formed.
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I. INTRODUCTION
The study of interaction effects in magnetic systems consisting of small particles is of interest from the point of view of using such systems as a probe of the fundamental physics of magnetic interactions, as well as from the technological standpoint of understanding interacting fine particle systems such as magnetic recording media.
Previous theoretical works on granular magnetic solids consisting of ferromagnetic particles embedded in a nonmagnetic matrix have shown that magnetic interactions have a strong effect on the coercivity. Néel 1 found, by a simple energy argument, that magnetostatic interactions should decrease the coercivity linearly as the concentration of ferromagnetic particles increases. Wohlfarth 2 went on to rigorously derive, for certain particle arrangements, the magnetostatic interaction between particles which reverse by coherent rotation. He found that the leading term for the coercivity, although not identical to Néel's, decreases linearly with increase in packing fraction. The slope of the linear relationship between coercivity and packing fraction was found to be a function of the geometrical arrangement of particles. El Hilo et al. 3 used a numerical simulation to examine the effect of concentration on coercivity for coherently rotating, randomly oriented, randomly placed particles, including exchange and magnetostatic interactions. They found the variation of coercivity with packing fraction to be nearly linear for fractions less than 0.4, suggesting in general that higher order terms are not important.
Recently a series of samples have been made by the meltquenching technique using a starting alloy consisting of Nd x Fe 13.1 B where x is 2.05, 6, 38.1, or 147.6, 4,5 which ranges from slightly Nd rich compared with the stoichiometric composition to containing atomically over 90% Nd. In the asquenched condition the samples are amorphous. Appropriate annealing treatments result in the formation of Nd 2 Fe 14 B grains with dimensions in the tens of nanometers, separated to varying degrees by a crystalline, paramagnetic Nd matrix. The amount of the matrix phase depends on the degree of enrichment of Nd in the starting alloy compared with stoichiometric Nd 2 Fe 14 B. These samples are all slightly enriched in boron compared with the stoichiometric alloy, but this does not have a large effect on the coercivity. 5 The coercivity has been found to increase markedly with increasing dilution, but the variation is not linear. 5 One analysis 6 has shown that coercivity may vary linearly with average particle separation rather than concentration.
These samples provide an ideal experimental material to examine interaction effects between grains and to examine the changes in the magnetization reversal mechanism which occur as the level of interactions between grains is reduced. There are two main intergranular interactions which change in magnitude and effect as the dilution is increased; exchange interactions, which are short ranged and required close contact between grains, and dipolar interactions, which are comparatively long ranged and can penetrate nonmagnetic or paramagnetic material. The changing importance of each of these interactions as dilution is increased is one reason the coercivity does not vary linearly over the full range of concentration. This paper reports on a series of magnetic measurements performed on these samples. Of interest was how the magnetization reversal mechanism changed as magnetic interactions decreased and how close the ideal non-interacting small particle limit, typified by the theory of Stoner and Wohlfarth, 7 could be approached. While behavior displaying all aspects of the ideal limit was not observed, the deviation from the idealized behavior in the sample of greatest dilution can be explained with the aid of both two-and threedimensional micromagnetic calculations. The coercivity as a function of dilution was not found to obey the ideal relationship of Néel over the whole range of packing fraction investigated but rather two different regimes of behavior were observed. Also found was that the thermal demagnetization of the most dilute sample did not result in a global energy minimum state being reached. Rather a metastable equilibrium was established, separated from the global energy minimum by a significant energy barrier caused by magnetostatic interaction.
II. EXPERIMENTAL RESULTS

A. Sample Preparation
The Nd x Fe 13.1 B (2.05рxр147.6) alloys, prepared by arc melting, were melt spun in an argon atmosphere using a copper wheel with a surface speed of 35 m/s. For ease of description the four samples will be labeled by their Nd content, as shown in Table I along with the annealing treatments applied to the samples to achieve optimum coercivity. These are the same annealing treatments for samples of the same composition used by Girt et al. 5 except for sample 2, which was annealed at a higher temperature in this work, 973 K compared with 923 K for Girt et al. 5 The as-quenched and annealed ribbons were characterized previously by differential scanning calorimetry, x-ray diffraction, thermomagnetic analysis, and transmission electron microscopy ͑TEM͒. 4, 5, 8 Results show that by changing the Nd concentration, the ratio between the Nd 2 Fe 14 B-and Nd-rich matrix can be systematically controlled. The extensive previous work on this system is one reason it is of interest for fundamental magnetic studies.
B. Hysteresis
Magnetization measurements were performed in the temperature range from 300 to 550 K using a maximum external applied field up to 5.5 T in a superconducting quantum interference device magnetometer. For measurements below room temperature an extraction method was used with fields up to 23 T. The hysteresis loops for samples 6, 38, and 147 contain contributions from the ferromagnetic Nd 2 Fe 14 B phase and paramagnetic Nd-rich phases. The paramagnetic contribution for each sample was determined from high field measurements above the anisotropy field of Nd 2 Fe 14 B, where the magnetization of the Nd 2 Fe 14 B phase is constant. The paramagnetic contribution was in good agreement with the paramagnetic contribution of ␣-Nd, and was subtracted from the data for all subsequent analysis. The samples were in the form of thin ribbons measured parallel to the ribbon direction so demagnetizing corrections were negligible.
Room temperature hysteresis loops for the four samples, together with an idealized hysteresis loop for isotropic particles of Nd 2 Fe 14 B reversing by coherent rotation, 7 are shown in Fig. 1 . The idealized hysteresis loop assumes isolated particles and accounts only for the magneto-crystalline anisotropy, neglecting particle shape effects. It can be observed that as the degree of dilution increases, the hysteresis loop approaches more closely that of idealized coherent rotation. However, even in the most dilute sample the coercivity is some 0.8 T below that of idealized Nd 2 Fe 14 B particles. Figure 2͑a͒ shows the coercivity as a function of packing fraction for the four samples measured, together with additional points for similar samples from previous work. 5 It can be seen that the linear relationship predicted by Néel, 1 does not exist over the whole range of packing fraction investigated. For comparison Fig. 2͑b͒ shows the coercivity for the same samples as a function of average linear separation as defined by Woodward et al. 6 This figure shows a much more nearly linear relationship over almost the whole range of packing fraction measured, in accord with the measurements of Woodward et al. 6 on similar samples. It should be noted that such a relationship has no current theoretical basis.
The initial curves for the samples, including the idealized curve for comparison, are shown in Fig. 3 . On the initial curve the behavior of all the samples is very different to that of the idealized theory. The initial curves show a rapid increase in magnetization in low fields. For samples 2 and 6 these curves resemble those measured in melt-quenched NdFeB magnets 9 with two steps on the curve, associated with single and multidomain grains reversing. For samples 38 and 147 the curves resemble those of sintered NdFeB ͑Ref. 9͒ with a large low field step, although a second small high field step is also present. From the initial curves it can be determined that in all samples domain walls are present in at least some of the grains in the thermally demagnetized state. The proportion of grains containing domain walls in the thermally demagnetized state increases with particle dilution.
These measurements are in agreement with previous work, 4,5 except for sample 2, which for a different annealing treatment was found to display only single domain initial curve behavior. 5 In this work sample 2 has been subject to a higher annealing temperature compared with that in Girt et al., 5 and it is expected that some grain growth may have occurred. This is the likely reason for the presence of multidomain grains observed for sample 2 in this work compared with their absence in the work of Girt et al. 
Transmission electron microscopy
Previous TEM work 5 showed that, for nearly single phase Nd 2 Fe 14 B prepared by the same method as the samples in this work, the grains are randomly oriented, polyhedral and with an average size between 50 and 70 nm. Diluting the sample with a higher Nd content promotes the growth of the Nd 2 Fe 14 B grains into an elongated shape. 5 For the less dilute samples, 2 and 6, many grains are close to each other and intergranular contact at grain boundaries is common. For the more dilute samples, 38 and 147, the grains are elongated, typical dimensions for sample 147 being 100ϫ40ϫ25 nm 3 with the easy axis parallel to the short side of the grain. The grains are randomly oriented and most are isolated from neighboring grains by the Nd matrix, with only the occasional cluster of grains observed, less so in sample 147 than in sample 38. 5 These previous results on grain size and distribution suggest that the grains in the most dilute samples ͑38 and 147͒ are too small to support domain walls in the thermally demagnetized state. In this work Lorentz microscopy was performed in a Philips CM200 FEG microscope using the Fresnel imaging method to investigate the multi-domain structure deduced to be present from the initial curve of the most dilute samples. In this imaging method, domain walls provide the magnetic contrast. The imaging was performed with the objective lens switched off to minimize the magnetic field in the sample area. In order to obtain high magnification, a Gatan Imaging Filter with a CCD camera was used. In Fig. 4 Fresnel images of the multidomain structure of Nd 2 Fe 14 B grains in sample 147 are shown. The domain wall is formed perpendicular to the longest side of the platelet-like grain. Note that the domain wall width is less than 5 nm in Nd 2 Fe 14 B, 10 and is close to the resolution limit of the microscope. Despite this, Fig. 4 clearly shows the multidomain structure of these grains.
A variety of magnetic measurement techniques were used to investigate the reversal mechanism of the samples to examine how the magnetic behavior changed with increasing dilution. These techniques included measurement of hysteresis ͑shown above͒, reversible magnetization, magnetic viscosity, and the temperature dependence of the coercivity and remanence.
Reversible magnetization
Reversible magnetization (M rev ) is defined as the change in magnetization upon removal of the field while irreversible magnetization (M irr ) is defined as the remnant magnetization once the field is removed. An analysis of reversible magnetization, as described by Crew et al., 9 was conducted at room temperature on both the initial curve and the demagnetization curve. Recoil curves to zero field from a variety of fields along the initial curve and the demagnetization curve were measured for each sample. From these recoil curves the dependence of M rev on M irr at a fixed magnetic field was calculated using the method described by Crew et al. 9 Plots of this dependence are known as reversible magnetization curves, and the shape is indicative of the magnetization reversal mechanism. This dependence can be described by a parameter which is defined as
and is equivalent to the slope of the reversible magnetization curves. Normally is calculated at the point on the reversible magnetization curve nearest the positive M irr end, as this point is closest to the major hysteresis curve or initial curve ͑as appropriate͒ and is the point of greatest interest. For the major hysteresis loop, reversible magnetization curves can be divided into two broad categories. 9 The first type consists of straight lines where the slope increases as the reversing field increases. In this case is always negative and becomes increasingly negative as the reversing field is increased. This first type of behavior is the result of reversible magnetization arising from rotation of the magnetic moments of the sample out of the easy axis and indicates that domain walls play little part in the reversible magnetization component. This first type of reversible magnetization curve is seen in idealized Stoner-Wohlfarth 7 particles. 9 In the second type of behavior the reversible magnetization curves exhibit a minimum measured at the positive M irr end point as a function of reversing field is initially positive, passes through zero and becomes negative only in higher fields. This second type of behavior is associated with domain wall bowing being the predominant mechanism giving rise to reversible magnetization and indicates that domain wall motion plays a significant part in the reversal process. 12 For the initial curves the same two broad categories exist. 9 In the first category of behavior, where M rev arises from rotation of magnetic moments, both the reversible magnetization curves and are similar to those measured on the hysteresis loop for the same mechanism. The behavior for the second category when domain wall bowing is the dominant reversible magnetization mechanism, is different on the initial curve compared to that seen on the hysteresis loop. In this case the reversible magnetization curves are bowed downward, often quite steeply, becomes large and negative, and may even approach a value of Ϫ1. 13 For materials with a distribution of single domain and multidomain grains, often both types of behavior are seen in different field ranges, is large and negative in low fields where wall motion is dominant, then becomes smaller, but still negative, when rotation takes over as the dominant reversible magnetization mechanism. FIG. 4 . Lorentz TEM image, using the Fresnel imaging method, of a grain in sample 147 showing a domain wall within the grain in the thermally demagnetized condition ͑marked by the arrows͒. ͑a͒ Underfocused image. ͑b͒ Overfocused image. Fresnel imaging involves slightly under focusing or overfocussing the image to reveal magnetic domain wall contrast so the grain image is slightly blurred in both cases. Note that the contrast of the domain wall changes between the two images which is indicative that it is magnetic in nature.
The reversible magnetization curves on the hysteresis loop are shown in Fig. 5 for a field of Ϫ5 kOe, as well as an idealized curve for coherently rotating particles. These curves vary depending on the degree of separation between the Nd 2 Fe 14 B particles. For the least dilute samples, 2 and 6, the reversible magnetization curves exhibit a minimum. For the most dilute samples, 38 and 147, the curves become straight lines with a negative slope. The curve for sample 147 is almost identical to the theoretical coherently rotating particle curve. The value of as the field is changed is shown in Fig. 6 for all four samples, together with the idealized behavior for coherent rotation. As the dilution of the particles is increased the behavior of approaches that of idealized coherent rotation until for sample 147 the experimentally measured and theoretical curves are almost identical. These results are comparable to the results obtained by Woodward et al. 6 on substantially similar samples. Sample 147 is the first sample measured to display such near ideal behavior. A change in behavior of this form, from one displaying domain wall motion to one displaying rotational behavior, has been observed previously in a sintered sample of PrFeB as a function of temperature by Crew et al. 14 This change in behavior was explained in that work in terms of the reducing importance of magnetostatic interactions to the reversal process as the temperature decreased.
14 The increasing dilution of the samples in this work is likely to lead to a similar decreasing importance of magnetostatic interactions in the reversal mechanism and result in a similar change in reversal behavior. The change in reversal behavior as interactions are decreased suggests that magnetostatic interactions are responsible for the domain wall processes observed in samples 2 and 6.
Reversible magnetization curves taken from the initial curve are shown for a field of Ϫ5 kOe in Fig. 7 . These curves are similar to curves measured on the initial curve of melt-quenched NdFeB. 9 The curves for the initial curve for all four samples, shown in from the initial curves in Fig. 3 . This increases the domain wall area and allows more reversible domain wall movement to occur. On the initial curves is indicating the fraction of material reversed by reversible domain wall motion compared with the fraction reversed when a domain wall is removed from within a grain. For sample 147 approaches Ϫ0.5 as a maximum, which indicates that, on average, domain walls move half as far reversibly as they move irreversibly when annihilated.
Magnetic viscosity
For the most dilute composition, sample 147, magnetic viscosity measurements were performed on the major hysteresis loop. These measurements consist of saturating the sample in a large positive field, quickly applying a negative reversing field, and recording the time dependence of magnetization as the field is held constant. The magnetization was recorded for a period of 20 min at a variety of different fields along the major hysteresis curve. For this sample the decay of magnetization ͑M͒ in a constant field ͑H͒ can be approximated by a logarithmic function of time ͑t͒ of the form
where A and t 0 are constants and S describes the logarithmic rate of change of magnetization with time. The irreversible susceptibility ( irr ) was calculated from the recoil curves measured previously using the dc demagnetizaton ͑DCD͒ method, 15 and the activation volume for reversal (V act ) was then calculated from the expression
where k is Boltzmann's constant, T the temperature, M s the spontaneous magnetization, and is the parameter which describes the dependence of M rev on M irr defined in Eq. ͑1͒, which is required to correct for reversible magnetization changes during magnetic viscosity. This correction must be applied if true values of V act are to be measured. 15 The value of the magnetic viscosity parameter, 15 S/ irr (1ϩ) as a function of the applied field is shown in Fig. 9 . The average value of the viscosity parameter agrees with that obtained by Woodward et al. 6 on a similar sample using a different method. 16 Using this parameter, and Eq. ͑3͒, the activation volume V act was found to correspond to a sphere between 7.6 and 9.2 nm in diameter. This is considerably smaller than the particle size in this sample. 5 The trend in the viscosity data, a steep increase in the viscosity parameter as the reversing field is increased, is consistent with that predicted for an ensemble of non-interacting isotropic Stoner-Wohlfarth particles. 15 This behavior was explained by the fact that as the field is increased the orientation of the particles which reverse at that field changes 15 which results in the magnetic viscosity parameter increasing with field.
Temperature dependence of coercivity
In the theory of micromagnetism the coercive field H c of a permanent magnet can be described by an extended version of Brown's expression for the nucleation field, H N ,
where ␣ K , ␣ and N e f f are microstructural parameters which account for the non-ideal reversal mechanism, including reduced crystal anisotropy at the surface of the grains (␣ K ), misalignment of the grains (␣ ), and the strong local demagnetization field at the edges and corners of the grains (N e f f ). For randomly oriented magnetic grains, as in the samples in this work, ␣ ϭ␣ min ϭ0.5 and ␣ H N ϭH N min . In Fig. 10͑b͒ shows a similar plot in the temperature range from 100 to 540 K for sample 147. The variation for sample 38 is similar to that for sample 147 shown in Fig. 10͑b͒ . The microstructural parameters, ␣ K and N e f f from Eq. ͑5͒ for the four samples are shown in Table II 
Regarding the temperature dependence of coercivity and the micromagnetic parameters calculated and shown in Table  II , it can be noted that ␣ K increases with an increase in the Nd concentration. For samples 38 and 147, ␣ K Ϸ1, which is most likely due to the perfect surface of the Nd 2 Fe 14 B grains in these samples as observed by TEM. 5 A perfect surface is without inhomogeneities which would reduce the magnetocrystalline anisotropy at the surface and hence the coercivity. The value of N e f f first increases with the Nd concentration, reaching the largest value for sample 38, and then decreases slightly in sample 147. TEM observations show that the shape of the Nd 2 Fe 14 B grains changes from polyhedral in samples with low Nd concentration, to plate-like for high Nd concentration. 5 These platelike Nd 2 Fe 14 B grains have the crystallographic c axis aligned normal to the plate. Thus the demagnetization factor of these grains is large and negative, NϭN ʈ ϪN Ќ ϭϪ0.48. 4 The increase in N e f f with increasing Nd content is due to the change in shape of the constituent grains. The shapes of the Nd 2 Fe 14 B grains in samples 38 and 147 are similar, however. Moreover, the Nd 2 Fe 14 B grains in these samples are randomly distributed in the Nd-rich matrix. The magnetostatic interparticle interactions, which also contribute to N e f f , decrease with the increase in Nd concentration in these two samples. This could explain the decrease of N e f f in sample 147 as compared with sample 38.
For sample 2 the value of N e f f is much lower than that in the other three samples measured. This is probably due to the absence of nonmagnetic inclusions in this sample, which are known to increase N e f f . Also the grain shape is more nearly spherical in this sample, compared with the plate-like grain shape in the other samples, which is likely to increase N e f f relative to sample 2.
C. Modeling
In order to understand the effect of interactions on the reversal of these dilute systems it is important to understand the reversal mechanism of isolated particles. To this end two micromagnetic models were used to examine the reversal of particles typical of those found in samples 38 and 147.
The first model used was a two dimensional model based on the Object Oriented MicroMagnetic Framework ͑OOMMF͒ software available from NIST. 19 In the OOMMF model three-dimensional spins are arranged on a twodimensional mesh and relaxed using a Landau-Lifshitz ordinary differential equation solver 20 with a damping constant of 0.5. The Nd 2 Fe 14 B particle was modeled as a rectangular parallelepiped of size 100ϫ40ϫ25 nm 3 (aϫbϫc) with material properties Kϭ5 MJ/m 3 , Aϭ10 pJ/m, and M s ϭ1274 kA/m. This is the size and shape of particles observed in sample 147 by TEM. 5 The cell size chosen was 1.5 nm, sufficiently small to allow a modeling of the 4.5-nmwide domain walls in this system. Some calculations were performed with a cell size of 0.25 nm which yielded the same results as those with a larger cell size. The c axis, which is the easy axis in this system, was modeled both in the plane of the simulation as well as out of the plane. Results for the value of coercivity were similar to within 5% regardless of the geometry. The field was applied at angles between 0 and 90°to the c axis.
Coercivities were calculated for particles similar to those in sample 147 as a function of the applied field angle. The coercivities were consistently 10% below that expected from coherent rotation, 7 including only the magnetocrystalline anisotropy of the particle. The values of coercivity calculated as a function of the angle between the field and the easy axis for one particular geometry, using the OOMMF model, are shown in Fig. 11 and compared with that expected for coherent rotation, normalized to the anisotropy field used in the model of 7.8 T. Most, but not all, of the difference between the model results and Stoner-Wohlfarth theory, can be credited to the effect of shape anisotropy of the particle, which lowers the effective anisotropy field by approximately 0.58 T or 7.5%. 5 One criticism of these results is that it might be expected that the values of coercivity obtained from this model represent lower bounds on the coercivity, compared to the values which would be obtained in a full 3 dimensional model, because of the tendency of two-dimensional models to overestimate the demagnetizing field effects. 21 In the OOMMF model however, the spins are able to orient in 3 dimensions and this makes the OOMMF results close to those obtained with a full three-dimensional model. Indeed, a full 3 dimensional treatment for limited orientations of the field to the easy axis returned similar values for the coercivity. It is therefore expected that for a randomly oriented ensemble of particles of the geometry seen in sample 147 that the coercivity will decrease approximately 10% compared with the ideal Stoner-Wohlfarth theory. The decrease in coercivity compared with idealized theory, even including shape effects, arises because the actual reversal of the particle consists of nucleation of a reverse domain at both the top and the bottom surfaces, which then expands to reverse the whole particle. To confirm this picture of the mechanism of reversal a full three-dimensional treatment of the particle reversal was modeled.
In the full three-dimensional treatment the time evolution of the magnetization again follows the Landau-Lifshitz equation of motion,
which describes the physical path of the magnetization M toward equilibrium. ␥ 0 is the gyromagnetic ratio of the free electron spin and ␣ is the damping constant, taken to be 1. The value of ␣ taken for the three dimensional treatment was different to that assumed for the OOMMF modeling to allow a faster convergence, but the coercive fields were found to be insensitive to the value of ␣ chosen. The effective field H e f f is the negative functional derivative of the total magnetic Gibb's free energy, which can be expressed as the sum of the exchange energy, the magneto-crystalline anisotropy energy, the magnetostatic energy, and the Zeeman energy. 22 To solve the Gilbert equation numerically the magnetic particle was divided into finite elements. A hybrid finite element boundary element method 23 was used to calculate the scalar potential u on every node point of the finite element mesh. The demagnetizing field, which contributes to the effective field, was taken as the negative derivative of the scalar potential u. The effective field H e f f ,i at the node point i of an irregular finite element mesh was approximated using the box scheme 3 ). The points indicate the coercivity calculated from the two-dimensional model, the solid line the coercivity expected from Stoner-Wohlfarth coherent rotation theory, and the dotted line to coercivities equal to 90% of that expected from Stoner-Wohlfarth coherent rotation theory. The plane modeled was that containing the a and c axes of the particle, with the applied field in the same plane. The c axis is the easy axis in this system. A full three dimensional modeling treatment returned coercivities very similar to those shown for the twodimensional model.
where V i is the volume of the surrounding node i, such that
The space discretization of the Landau-Lifshitz equation leads to three ordinary differential equations for every node. In the case of a stiff problem a backward differentiation formulas is used for the time integration, which leads to a system of nonlinear equations. After applying Newton's method the resulting system of linear equations is solved using the scaled generalized minimal residual method. 24 The process of reversal in the full three-dimensional micromagnetic model is shown in the series of micromagnetic states in Fig. 12 . This figure is a time series of the reversal in a constant field and the states shown are not equilibrium states. In Fig. 12 an external field is applied in the H x ϭϪ1, H y ϭ0, and H z ϭϪ6 direction as indicated in the figure. The time tϭ0 is immediately after the field was increased from 4.787 to 4.866 T, which is equal to the coercive field for this particle. Figure 12 shows the nonideal nature of the reversal, with nucleation of a reverse domain occurring at the top and bottom surfaces of the particle.
D. Discussion
Coercivity and packing fraction
From Fig. 2͑a͒ the coercivity is plainly not linear with the packing fraction over the full range of packing fractions investigated. Sample 2, which is close to stoichiometric Nd 2 Fe 14 B, has a markedly lower coercivity than the other samples. This is due to the large amount of exchange interactions which are present between grains in this sample. The reversible magnetization measurements show the presence of stable domain walls during magnetization reversal. Two mechanisms can lead to stable domain walls in high reversal fields in the absence of pinning sites within the grains. Magnetostatic interactions at grain corners can stabilize domain walls to quite high fields, as was shown in sintered PrFeB samples.
14 However, from Table II the value of N e f f is low in sample 2 so magnetostatic effects are likely to be small. Exchange interactions across grain boundaries can also stabilize domain walls as seen in melt-quenched NdFeB. 9 Significant intergranular exchange interactions in this sample are consistent with the substantially lower value of ␣ K observed, compared with the more dilute samples. In addition the micromagnetic parameters shown in Table II for sample 2 are substantially lower than the other, more decoupled, samples. Most notably, ␣ K is lower indicating a substantially different reversal process. The lower coercivity of this sample compared with the Nd rich samples is in accord with previous results in which small additions of Nd above stoichiometry improves the coercivity. 25, 26 Sample 6, together with the samples taken from other work shown in Fig. 2͑a͒ , form a second regime of coercivity as a function of packing fraction. The reversible magnetization measurements of Figs. 5 and 6 together with the two steps on the initial curve in Fig. 3 show that sample 6, compared with the highly diluted samples ͑38 and 147͒, has a different reversal mechanism, which includes domain wall motion. This is most likely due to a clustering of grains within the sample which leads to the grains not being completely exchange decoupled. Clustering of grains also leads to a smaller increase in coercivity with decreasing packing fraction than expected from the overall bulk composition of the sample.
In samples 38 and 147, the coercivity increases faster as the packing fraction is decreased than for less dilute samples. The reversible magnetization measurements for these samples indicate a nonuniform reversal of individual grains suggesting that full exchange decoupling has been achieved. The increasing coercivity with dilution arises because of the decreasing importance of intergranular magnetostatic interactions. It is only in this region that the relationship of Néel and Wohlfarth would be expected to be obeyed.
There is one further influence on the coercivity which is not due purely to clustering of grains. The TEM measurements of Girt et al. 5 showed that the size and shape of the FIG. 12. Simulated magnetic reversal in a constant field of a particle similar to that observed in sample 147. The external field is applied in the H x ϭϪ1, H y ϭ0, and H z ϭϪ6 directions. The two upper pictures show the magnetization immediately after the field was increased from 4.787 to 4.866 T, which is equal to the coercive field. Also shown in the upper pictures are the x, y, and z directions. The arrows show the projection of the magnetization onto the shaded plane. The perpendicular component of the magnetization is shaded according to the key at bottom right. The bottom left picture shows the magnetization state near the surface of the particle 24 ps after the field was increased.
grains changes as the packing fraction is decreased. The grains for high packing fractions are polyhedral and equiaxed. For lower packing fractions the grains become elongated parallelepipeds with the axis ratio changing with the Nd concentration. It is difficult to quantify this effect of the changing shape, and thus ''correct'' the measured coercivity values because an exact description of the shapes of the grains is not available. The effect is likely to be a small, but not negligible, change in coercivity. An estimate for the size of this effect, based on the shape demagnetization factor for sample 147 gives a ''shape anisotropy'' of approximately 0.3 T, which is 10% of the measured coercivity. This factor will be less for samples with lower Nd contents as the shape of the grain changes to a more spherical one. This shape correction is not large enough to make the coercivity plot of Fig.  2͑a͒ linear.
Once saturated, at room temperature the grains in sample 147 never again have stable domain walls within them, as evidenced by the reversible magnetization results. Despite the single domain reversal process of the grains in this sample, the coercivity is still some 20% below that expected for idealized coherent rotation. The reduction in coercivity for these grains compared with theory is a result of a number of factors, the magnitudes of which can only be estimated. Firstly the reversal mechanism of these grains is not coherent rotation, as shown clearly by the micromagnetic modeling results of Fig. 12 , but is instead a process in which reverse domains nucleate within the grain and subsequently reverse the whole grain. The micromagnetic modeling suggest that this reversal mechanism, compared with idealized coherent rotation, results in a decrease in coercivity of approximately 10%, equivalent to 0.4 T. This estimate includes the reduction expected because of the shape anisotropy of the particle. The reversal mechanism is not coherent rotation because the particle size is much larger than the size for which coherent rotation is the preferred reversal mode, estimated to be approximately 10 nm in most materials. 27 The reversal mechanism pictured in Fig. 12 is supported by the similar sizes for the nucleus of reverse magnetization and the calculated activation volume determined from time dependence measurements.
Thermal activation will reduce the coercivity further compared with that expected from the micromagnetic modeling results. Estimating from the values of the magnetic viscosity parameter measured in Fig. 9 , the reduction in coercivity from thermal activation will be
where n is the power of the reduced field H/H k which is assumed to be the dominant term in the description of the variation of the energy barriers to reversal with magnetic field. 28 For randomly oriented particles a power of 3/2 is often taken 29 which results in a measured coercivity decrease of 0.38 T.
The value of coercivity for idealized coherent rotation in isotropic Nd 2 Fe 14 B is 3.6 T. In sample 147 the nonideal reversal mode and thermal activation of reversal lead to a reduction in coercivity of 0.78 T. The predicted coercivity is thus 2.82 T, which when compared to the measured coercivity of 2.83 T is a remarkably close agreement.
Reversal mechanism
In the least dilute samples, 2 and 6, the reversal mechanism consists of domain wall motion, evidenced by the reversible magnetization measurements in Figs. 5 and 6. In samples 38 and 147 reversal is by a nonuniform mode of individual grains.
Despite the differences between the samples in magnetization reversal behavior on the demagnetization curve, the initial curve behavior is similar, with domain walls present after thermal demagnetization in all samples. In samples 38 and 147 the presence of domain walls on the initial curve means that the absence of domain walls on the demagnetization curve is not because the Nd 2 Fe 14 B particles in these two samples cannot support domain walls, but rather is because the dynamics of the reversal are different in these dilute samples compared with samples 2 and 6.
Careful examination of the initial curves in Fig. 3 reveals that for all samples there are two steps on the curve. The second step appears at a field which is close to the coercive field of that sample on the major hysteresis loop. In the less dilute samples, 2 and 6, where intergranular exchange coupling is suggested, this second step is most likely due to the unpinning of domain walls from grain boundaries. In these less dilute samples the second step is quite large, indicating a significant fraction of the material reverses in this way. For the most dilute samples, 38 and 147, due to the absence of intergranular exchange interactions, this second step on the initial curve most likely corresponds to the reversal of single domain grains. The second step is much smaller than the first step on the curve, suggesting that in these dilute samples only a small fraction of the grains are single domain in the thermally demagnetized condition.
For the less dilute samples, 2 and 6, the presence of stable domain walls during reversal at the fields new domain walls are nucleated on the demagnetization curve, suggests there exist pinning sites strong enough to prevent the motion of these domain walls. In the absence of pinning sites within the grains, the presence of sufficiently strong pinning sites must be due to intergranular interactions, especially exchange interactions in sample 2 but including magnetostatic interactions in sample 6, evidenced by the larger value of N e f f for this sample in Table II . The intergranular interactions lower the nucleation fields while simultaneously allowing the grain boundaries to become pinning centers. 30, 31 The strength of the intergranular pinning centers is indicated by the position of the second step on the initial curves in Fig. 3 . For the most dilute samples, 38 and 147, the grain boundaries cannot act as pinning centers because of the lack of sufficiently strong intergranular interactions. In addition the absence of intergranular exchange interactions raises the nucleation fields such that any pinning sites which might exist within the grains are too weak to prevent subsequent domain wall motion.
In summary, the reversal mechanism for the least dilute samples, 2 and 6, is domain wall motion and pinning on both initial and demagnetization curves. The pinning is hypothesized to result from intergranular exchange and magnetostatic interactions. In contrast, the most dilute samples, 38 and 147, contain no substantial pinning sites, because of the lack of intergranular interactions, and reverse via a nucleation mechanism.
Domain walls on the initial curve
The presence of domain walls on the initial curve for all samples is somewhat in contradiction to the small particle size observed by transmission electron microscopy. 5 In the less dilute samples, 2 and 6, the Nd 2 Fe 14 B grains are well below the single domain limit of 200-300 nm in Nd 2 Fe 14 B. 32, 33 However, similar to other fine-grained NdFeB magnets, domain walls can be supported across a number of grains because of the intergranular interactions which are present. 31 The domains which are formed in this way are known as interaction domains. For the most dilute samples, 38 and 147, strong intergranular interactions are absent and a different explanation is required for the observed presence of domain walls on the initial curve.
Using the three-dimensional micromagnetic model, it is possible to calculate the energy of particles similar in size and shape to those in samples 38 and 147, with and without the presence of the domain wall. The magnetostatic self energy of such a particle is 53ϫ10 Ϫ18 J. The total energy of a particle with a domain wall present, in the configuration shown in Fig. 4, is 66ϫ10 Ϫ18 J, consisting of a magnetostatic self-energy of 39ϫ10 Ϫ18 J and a domain wall energy of 27ϫ10 Ϫ18 J. Thus a multidomain particle has an energy some 25% higher than a single domain particle. Why then does such a particle take up a multi-domain state following thermal demagnetization? The answer lies in considering the energy barrier between these two states.
To move a domain wall out of a multidomain particle requires overcoming an energy barrier resulting from the increase in magnetostatic energy during the domain wall translation. This energy barrier can be estimated as 14 ϫ10 Ϫ18 J, being the difference in magnetostatic energy of the multi-domain and single domain configurations. This is equivalent to 3400 kT at room temperature, which means that a particle in the metastable multidomain state is in a very deep energy minimum. At higher temperatures this energy barrier drops sharply ͑e.g., the barrier is 900 kT at 500 K͒ because it scales with M s 2 as well as the temperature. An estimate of the field stability of the two domain state is 0.12 T, calculated as the field that is required in order for the Zeeman energy to be equivalent to the energy barrier. Detailed modeling with both the two-and three-dimensional models gave a higher stability field of 0.28 T, which is larger because of the detailed calculation of the magnetostatic energy as a function of wall position. The results of the models in this case however, are somewhat sensitive to the details of the magnetization configuration in the domain wall.
To investigate the likelihood of the multidomain state arising during cooling from the Curie temperature, a simulated cooling procedure was undertaken using the threedimensional micromagnetic model, in which the micromagnetic elements were initially assigned direction randomly, and the system allowed to evolve to a stable configuration using room temperature material properties. This procedure is formally equivalent to an instantaneous quench from above the Curie Temperature to room temperature. The evolution of the magnetization configuration for one such run is shown in Fig. 13 . From the result of 20 simulated runs it was determined that the single domain state was reached in only 35% of the simulations. The rest of the simulations ͑65%͒ became stable in a multidomain state, with the vast majority being a two domain state ͑50%͒ although some three-͑10%͒ FIG. 13 . A simulation of the approach to a stable state. The micromagnetic elements are initially assigned a random direction, and the system is allowed to evolve to a stable state. For this particular run a two domain state is found to be stable, even though a single domain state has a lower energy. The snapshots correspond to the initial state and 0.1, 0.2, and 1 ns after commencing the simulation. The last snapshot is the stable state. The z component of magnetization is shaded according to the key shown.
and four-͑5%͒ domain configurations were also found. The proportion of single domain states observed from the simulation is higher than that seen on the initial curve, evidenced by the size of the second step in Fig. 3 , but this is a result of using an instantaneous quench rather than using a true simulated cooling from the Curie temperature. The energy barrier between the single domain and multidomain states is much higher at room temperature than at higher temperatures, and thus using room temperature properties in the simulation will more favorably predispose the system to stabilize in the single domain state compared with the experimental cooling regimen.
The important implication of this study is that thermal demagnetization of magnetic samples does not guarantee that the system is subsequently in a global energy minimum state. This has implications for the interpretation of initial curves because the system may be in a metastable state, rather than a global minimum of energy. It may be presumed that the global minimum energy state can be reached by cooling through the Curie temperature sufficiently slowly, but how slowly is required for the system to be ergodic has not been determined.
E. Conclusion
Reversible magnetization measurements, micromagnetic modeling, the temperature dependence of coercivity, and magnetic viscosity measurements have been used to clarify the magnetic reversal mechanism of Nd 2 Fe 14 B particles diluted to various extents in a Nd matrix. Dilution of the particles varied from close to zero, for sample 2, to close to 90% of the material being Nd matrix phase, for sample 147.
The coercivity was observed to increase markedly as the dilution of the Nd 2 Fe 14 B phase was increased. The increase in coercivity was accompanied by a change in the reversal mechanism. In samples 2 and 6, domain wall motion involving several grains governed by intergrain interactions was active. In samples 38 and 147 nonuniform reversal of individual grains was dominant, reversal occurring particle by particle and resembling the behavior of isolated StonerWohlfarth particles. The value of the coercivity in sample 147 was in excellent agreement with micromagnetic modeling results for isolated particles once the effect of thermal activation of magnetization reversal was accounted for.
The initial magnetic state after thermal demagnetization was found in all samples, regardless of dilution, to be one in which a substantial proportion of grains contained domain walls. Micromagnetic simulations showed, for sample 147, that the single domain state is the lowest energy state. It was concluded that thermal demagnetization does not result in the material assuming a global energy minimum, but rather the system remains in a local metastable energy minimum. Micromagnetic calculations revealed a significant energy barrier for the removal of a domain wall within the grain once it is formed.
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